Introduction
Stripe rust caused by Puccinia striiformis f. sp. tritici is an important disease of wheat worldwide (19) . chemical control of rusts is expensive and hazardous to the environment. therefore, the primary focus of breeding for disease control is now durable, genetic resistance (26) . Use of diverse genes for resistance against strip rust disease is regarded as the most economical and environmentally safe method to control this disease (12) . Strategies such as gene pyramiding, cultivar diversification and cultivar mixing may lead to increased resistance to stripe rust (14) .
Slow rusting type of adult plant resistance is well documented in several host/pathogen systems and has been investigated as a durable source of rust resistance in wheat. the inheritance of adult plant resistance is often polygenic and additive as indicated by continuous phenotypic variation (1) . Past experiences have shown that resistance conditioned by major genes are short lived when used commercially because this form of resistance can be easily overcome by mutation and selection of virulence pathotypes in rust pathogens (36) .
in recent years, plant breeders have emphasized the importance of developing and employing cultivars carrying durable or slow rusting resistance based on quantitavely inherited, multiple genes (36) . the dissection of quantitative traits into Mendelian factors of inheritance, so-called quantitative trait loci (qtl), provides a powerful tool for identifying genes with minor effects and enables the identification of the whole set of genes important for the resistance reaction in a specific cross (16) . With QTL mapping the role of each locus in genetically complex traits can be described. Since slow rusting resistance is quantitavely inherited, qtl analysis has been applied to map genes conferring resistance (16, 32) . A linkage map of markers provides a framework for an analysis of the qtls. Researchers have been used qtl analysis to characterize quantitative rust resistance. Multiple qtls with small effects have been reported to contribute high levels of adult plant resistance to leaf and stripe rust (18) . it is documented that chromosomes 2A, 1B, 2B, 3B and 7D of wheat play more important role in durable stripe rust resistance due to the qtls located on these chromosomes (2, 3, 5, 8, 18, 22, 26, 32, 36) . Yr18 as major stripe rust resistance gene has been mapped on chromosome 7D in a number of wheat cultivars (2, 18, 25, 26, 32) . Singh et al. (26) mapped a stripe rust adult plant resistance gene Yr30 on chromosome 3B. William et al. (36) identified adult plant resistance gene Yr29 on chromosome 1B. Genetic associations of many SSR markers with stripe rust resistance genes have been reported (1) . the objective of this study was to identify SSR markers linked to stripe rust resistance qtls that have a potential for use in marker assisted selection and cultivar development.
Materials and Methods

Plant materials and field evaluation
A set of 329 wheat (Triticum aestivum l.) F 2:3 families derived from a cross between cv. Bolani (an iranian spring type local variety and highly susceptible to stripe rust) and cv. MV17 (a hungarian winter type variety and highly resistant to stripe rust) was used. Seeds of each family were planted in 1. , prevailing in the field test location was used. Inoculation was repeated at seedling, tillering and flag leaf development stages with fresh urediniospores suspension. Disease severity (percentage of leaf area covered with rust urediniospores) was visually assessed following the modified cobb scale (21) . Disease reaction was recorded three times at the adult plant stage. coefficient of infection (CI) was calculated based on disease severity and disease response (infection type). the level of adult plant response was determined on the basis of the final coefficient of infection (FCI) according to Peterson et al. (21) . the three diseases ratings were used to calculate the area under the disease progress curve (AUDPc) using the formula:
, where x i is disease severity on the i th day and t i is the i th day. Presence or absence of the leaf tip necrosis phenotype, a morphological trait, known to be associated with Lr34/Yr18 genes (25) , was recorded after anthesis in F 2:3 families on the basis of 10 plants in each replication.
ssr analysis
Genomic DnA from parental lines and individual F 2 plants was extracted using the ctAB procedure according to SaghaiMaroof et al. (24) . the quality and quantity of DnA samples were assessed using spectrophotometer (Biophotometer eppendorf, Germany) and 0.8 percent agarose gel electrophoresis. All of the DnA samples were diluted to 25 ng/μl and used in PCR.
SSR markers were selected and synthesized according to information from previous studies on stripe rust resistance in wheat to cover the putative genomic regions. to cover wheat genome, additional markers were selected based on information available in the GrainGenes database (http:// wheat.pw.usda.gov/GG2). in total, 350 markers were screened for polymorphism between Bolani and MV17 and polymorphic markers were screened in the population. Several sources of microsatellite primers including Xbarc (29) , Xgwm (23), Xwmc (9, 28) , Xgdm (20) , Xpsp (30) and Xcfa (http://wheat. pw.usda.gov/GG2) were used.
Amplification reactions were prepared according to ciMMYt; Applied Molecular Genetics laboratory protocol (4). The amplification consisted of initial denaturation at 94°C for 4 min followed by 35 cycles of 94°C for 1 min, 58°C-68°C for 1 min, and 72°C for 2 min and a final extension at 72°C for 7 min. The amplified products were separated by electrophoresis on denaturing polyacrylamide (6% acrylamide) and agarose (3% supper fine resolution agarose) gels. Bands were resolved using silver staining and ethidum bromide for polyacrylamide and agarose systems, respectively (4).
Linkage analysis and QtL mapping
After the testing of segregation distortion in each marker locus, linkage map of polymorphic markers were constructed using map manager/qtXb20 (15) , considering a loD score of 3.0 and a maximum distance of 50 cM between adjacent markers. the Kosambi mapping function (13) was used for converting recombination frequencies into genetic distances in centiMorgans. qtl analysis was performed based on single marker analysis and composite interval mapping methods using qtl cartographer v. 2.5 (33).
results and discussion disease reactions the resistant cultivar, 'MV17', showed no disease symptoms (zero) under artificial infection, whereas disease severity or AUDPc in the susceptible genotype, 'Bolani' was maximum (1330). AUDPc of F 3 families ranged from 1.4 to 1223 with an average of 186.61. Frequency distribution of disease severity of F 3 families followed a continuous variation for AUDPc. no transgressive segregation was observed and all of the families showed AUDPc values between two parental lines. Parental lines with extreme values in the phenotypic distribution of AUDPc indicate isodirectional distribution of alleles between two parents in loci controlling resistance to stripe rust. continuous distribution for AUDPc was reported in several studies (10, 18, 19, 26, 32) . the continuous phenotypic frequency distribution of AUDPc in the present study significantly differed from normal distribution as tested by Kolmogorow-Smirnov test (P<0.001) and skewed towards resistant parent, MV17. however, the residual distribution of this trait was normal (Fig. 1) . the distribution of stripe rust severity and infection type in our study confirms the quantitative nature of resistance to stripe rust. Analysis of variance for disease severity revealed significant differences among families (P<0.001) indicating high phenotypic variation which permit further qtl analyses.
Linkage analysis out of 350 SSR primer pairs evaluated in the parental lines, 56 were polymorphic between parents, which were used to screen 329 individuals of F 2 population. except for some markers, the segregation of SSR loci in F 2 population fit the expected 1:2:1 genetic ratio for codominant markers, indicating monogenic segregation. Suenaga et al. (31) , nachit et al. (17) and elangovan et al. (7) used skewed markers for map construction in wheat. these distortions could be due to chromosomal rearrangements, alleles inducing, gametic or zygotic selection, reproductive differences between parental lines and lethal genes (7) . Distorted loci may lead to spurious linkages and a reduced estimate of recombination value (11) . to detect the possible effect of segregation distortion, linkage groups were constructed using unskewed markers and then skewed markers were introduced; thereby the possibility of spurious linkage by distorted loci was eliminated. in addition, the orders of loci were checked via the available linkage maps for wheat (9, 23) . thirty eight markers were assigned into 14 linkage groups with total length of 578 cM and an average distance of 15.2 cM between adjacent markers and 18 designated as unlinked markers. the linkage groups and single unlinked markers assigned to a respective chromosome based on published microsatellite maps (23) .
QtL mapping for strip rust
A total of 10 markers on seven chromosomes were associated with stripe rust resistance in wheat as revealed by single marker analysis (table 1) . the amount of phenotypic variance determined by each marker ranged from 4 to 8% and all the qtls linked to these markers had negative additive effects indicating the transition of alleles conferring resistance to stripe rust from resistant parent, 'MV17'.
Association between markers and AUDPc data was also established by composite interval mapping (ciM) based on LOD≥ 3.0. CIM allowed identification of 14 putative QTLs for the AUDPc with loD scores ranging from 3.4 to 34.3 on chromosomes 4A, 1B, 2B, 3B, 4B, 5B, 6B, 2D and 7D. individual qtl effects ranged from 0.01 to 8%, giving an aggregate effect of 34.3% for AUDPc (table 2). eight of these chromosomal regions were also detected by single marker analysis. except for one qtl on chromosome 3B, all of the qtls had negative additive and positive dominance effects indicating contribution of alleles reducing AUDPc by the resistant parent, i.e., 'MV17'. heterozygote individuals in the population were less resistant as compared with parental average revealed by qtls positive dominance effects. Positive additive and dominance effect of the qtl on chromosome 3B indicates contribution of qtl allele in this locus from susceptible parent, 'Bolani'. in all of the detected qtls, additive effects were smaller than their dominance effects except three. this indicates the relative importance of dominance gene effects in controlling resistance to stripe rust as compared with additive gene effects in our population. however, additive gene effects in controlling adult plant resistance with the involvement of a few genes with minor additive effects are well documented (18, 19, 27, and 32) . Partial dominance was also reported for genes controlling resistance to adult plant stripe rust resistance (19) . The QTL flanked by Xgwm637 and Xgwm397 on chromosome 4A exhibited the highest phenotypic effect on AUDPc (R 2 = 8%). More than one QTL was identified on the chromosomes 4A, 3B and 4B (table 2). three qtls on chromosome 4A accounted for 9.4% phenotypic variance for AUDPc. three qtls on chromosome 3B explained about 4% and two QTLs identified in the interval of Xgwm368 and Xgwm6 markers on chromosome 4B at the positions 6 and 20 cM distal from Xgwm368, explained 5% of phenotypic variance of AUDPc. qtls mapped on chromosomes 2B (R 2 = 5%) and 6B (R 2 = 6%) in our study were also reported by cristiansen et al. (5) using a doubled haploid population.
Different qtls with major and minor effects on stripe rust resistance in wheat have been reported in other studies. Ramburan et al. (22) with analysis of field data identified two major qtls on chromosomes 7D and 2B accounting for 29% and 30% of phenotypic variance of adult plant stripe rust resistance, respectively. Furthermore, they could also map two minor qtls. eriksen et al. (8) reported qtls on 2A, 1B, 5B, 4D and 7D. imtiaz et al. (10) detected a qtl on long arm of chromosome 3B linked to SSR marker Xgwm340 and another qtl on long arm of chromosome 5D linked to Xgwm583, each contributing to 6% of final disease severity variation. They also reported qtls on chromosomes 7B and 7D which were consistent across the glasshouse and the field conditions, except that their total explained phenotypic variance decreased from 42 to 37 % in field condition. Chhuneja et al. (3) evaluating wheat Ril population for stripe rust resistance, detected two qtls on chromosomes 2A and 5A.
Ma et al. (14) showed that a stripe rust resistance genes such as Yr10, Yr15, Yr24 and Yr26 were located on chromosome 1B. they reported that the molecular markers, Xgwm11 and Xgwm18 are closely linked to Yr26 and shown to be very effective in selecting plants with Yr26 from the segregating population. Wang et al. (34) detected linkage between SSR marker; Xpsp3000 and Yr10, which confers resistance to all of the chinese P. striiformis strains.
We identified QTLs on chromosomes 1B, 3B and 7D and the QTL on chromosome 1B flanking by Xpsp3000 and Xgwm18 markers accounted only for 0.01% of stripe rust resistance. this indicates that the qtl detected on 1B in our study is not located in the chromosomal regions of the major stripe rust resistance genes. Suenaga et al. (32) distinguished 11 qtls on chromosomes 1B, 3B, 4B, 5B, 6B, 7B, 2D, 4D, 5D and 7D using a doubled haploid population indicating the involvement of various qtls in adult plant resistance to stripe rust in wheat. Although, some of these qtls accounted for small phenotypic variance of rust resistance, the qtls detected on chromosomal regions of Lr46/Yr29, Sr2/Lr27/Yr30 and Lr34/Yr18 genes in 1B, 3B and 7D chromosomes, respectively, showed greater effects on rust resistance. therefore, qtls in these chromosomal regions may be more important compared with others in conferring resistance to stripe rust diseases in wheat. imtiaz et al. (10) reported that disease resistance genes are not randomly distributed over the genome of a species rather they frequently occur in clusters on particular chromosomal regions. in our study, a qtl was mapped on chromosome 2D between Xgwm382 and Xgwm261, 10 cM distal from Xgwm382 other adult plant resistance genetic factors (pleiotropism) or is independent from adult plant resistance response remains to be investigated.
conclusions
Stripe rust resistance appeared to be a complex trait, being controlled by additive interaction of several major genes such as Yr18 and Yr10 as well as additional qtls with small effects. Multiple QTLs were involved with significant effects on stripe rust resistance. We have identified several QTLs with relatively small effects. The genomic region of some of the identified qtls was reported by previous studies and some of the qtls appeared to be associated with chromosomal regions of known stripe rust resistance genes. therefore, it can be concluded that some of the QTLs may be race-and pathogen-specific and some nonspecific. our results may provide an insight into the genetic control of stripe rust resistance in wheat cross between highly resistant and highly susceptible wheat genotypes. We could determine genetic effects associated with particular genomic regions controlling the trait which may be used to prioritize the selection of putative marker-qtl combinations for implementation studies. The identification of QTL locations for stripe rust resistance by molecular-marker based mapping will allow the design of appropriate marker-assisted selection strategies.
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